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The disintegration of boron by slow neutrons has been investigated using an ionization chamber filled with boron trichloride in conjunction with a linear amplifier.
The magnitudes of the ionization impulses, measured by the oscillograph deflexions, should give under appropriate conditions a measure of the energy release in the disintegration process. The various factors which can affect the size of the oscillograph deflexion are discussed so as to define the appropriate conditions of experiment.
Evidence is found for two disintegration energies. Assuming that the greater energy release corresponds to the formation of the Li7 nucleus in the ground state and is therefore 2'99 MeV, then the smaller energy, which is released in about 93-94% of the disintegrations, is 2-57 + 0 05 MeV. An explanation is offered of the contradiction with the results of Maurer and Fisk. The y-radiation associated with the reaction has been detected and a rough measurement of its quantum energy has been made.
The disintegration of boron by slow neutrons has been investigated by a number of workers (Rotblat 1936; Walen 1936; Fiinfer 1937; Haxel 1937; O'Ceallaigh and Davies 1938; Bower, Bretscher and Gilbert 1938; Living ston and Hoffman 1938; Maurer and Fisk 1939) . The earliest observations of this reaction left little doubt th a t the process is 5Bio + 0^ = 3L F + 2H e4.
Later experiments, while confirming the nature of the reaction, had for their object the measurement of the energy relations in the process. Most of them agree in indicating th a t the energy liberated in the reaction is about 2-5 MeV, whereas the value of the energy derived from the masses of the nuclei concerned is MeV. The results of Bower et al., obtained from observations of tracks in an expansion chamber containing boric acid methyl ester, are particularly clear in showing th a t the main reaction gives rise to the formation of a Li7 nucleus in an excited state. Some observations (Haxel 1937; O'Ceallaigh and Davies 1938; Livingston and Hoffmann 1938) suggest, however, th at in a small proportion of cases the Li7 is formed in the ground state.
On the other hand Maurer and Fisk, using an ionization chamber filled with boron trichloride in conjunction with a linear amplifier, did not confirm this simple picture of the reaction but found evidence for the presence of four, probably five, definite disintegration energies, all of roughly the same probability. The method used by them has, in principle, some obvious advantages. Assuming th at the energy required to produce a pair of ions is constant and th a t the amplifier does not distort the original impulse, then the amplitude of the recorded impulse gives directly a measure of the disintegration energy. Also a large number of disintegrations can be examined in a short time. In practice, however, the method must be used with care, for the ionization chamber and amplifier may introduce un desirable effects. In fact, the work described in the present paper, carried out by the same method, does not confirm the results of Maurer and Fisk, and analysis suggests that these were due to distortion in their amplifier coupled with an over-emphasis of detail which might more properly be attributed to statistical variations.
Before proceeding to the actual observations, a brief discussion is given of certain factors governing the form of distribution curve obtained with this method.
Factors affecting the shape of the distribution curve (a) Geometry
If disintegrations take place in the gas of an ionization chamber, then a number of the disintegration particles will strike the electrodes or pass out of the effective collecting volume, and the full number of ions will not be collected. For a parallel infinite pair of plates it can be shown that for an isotropic disintegration the distribution of the lengths of the paths is represented by a background of uniform height upon which is superimposed a peak of the same shape as the original but reduced in size. If the separation of the plates is d,and the length of the path of the disintegration partic is Iq, then the fraction of the total which is in the background is l0/2d (l0 ^ d).
The effect of using finite plates is to increase the number of particles with short path. Taking account of the variation of ionization along the track of the particles we can draw the expected number/ionization curve as shown in figure 1 a.Since the shape of the peak is unaltered, it is unnecessary to use a very large separation of the plates to avoid 'edge' effects, although it is an advantage to have the diameter of the plates large compared with their separation.
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(b) Collecting time
Immediately a pair of ions is formed between the electrodes the potential of the collecting plate will rise approximately linearly in time to a maximum given by V -q/C, where C is the capacity of the electrodes and associated circuits, and then decay exponentially to zero. The time taken to reach a maximum is th at taken for the slowest ion to reach the plates (there is no sudden rise in potential as the ion touches the electrodes). The exponential decay is determined by the time constant of the collecting electrodes and associated circuits; the time constant is usually a m atter of a few seconds. For a group of ions formed by an ionizing particle the impulse will not have quite this form (due to different collecting times of different ions), but the simple form given above will be a fair approximation. Such an impulse will be distorted on passing through the intervalve couplings of the linear amplifier, in particular its maximum will be reduced to a fraction {1 -exp (-tc/t6)}tc/tc of its ideal value on passing through a single coupling stage; r c is the collecting time and Te the time constant of the inter valve coupling circuit. When disintegrations take place in a gas the collecting time will vary, according to the place where the disintegration occurs, and so also will the size of kick observed on the oscillograph. The form of distribution curve is shown in figure 1 b, broad at the peak but not extended at the skirts. This broadening is greatest for long collecting times. For short collecting times the curve is approximately rectangular as in (1); for longer collecting times it becomes definitely trapezoidal as in (2). For short collecting times r c<^re the frac tional reduction of voltage is h Tc/Te : the effects of successive s tive, so that for n similar coupling stages the reduction of voltage is wrc/2 re. Now the collecting time for plates of separation d and collecting voltage varies between d2/V (K + + K _ )a nd d2 o larger, where K + and K_ are the mobilities of positive and negative ions. Thus the variation of collecting time is greater than a factor of two. If therefore we wish to have a spread of less than 10 % in the peak, the maximum collecting time must be less than tJ 5n.
(c) Effect of counting rate The shape of the pulse after the maximum has been reached is also deter mined by the intervalve couplings. For an amplifier with four similar coupling stages the impulse has the form shown in figure 2. If now a second time (units of F ig u r e 2. F o rm o f im pulse a fte r p assing th ro u g h fo u r sim ilar coupling stages.
pulse is received before the original one dies out, the recorded size of the second pulse is different from its ideal value. This causes a broadening of the curve, particularly at the skirts. The height of the skirts is proportional to the counting rate. It was found th at with coupling circuits of 1/20 sec. time constant the broadening of the curve was appreciable at a counting rate of 120 per min. A maximum rate of 50 per min. was therefore preferred. Higher counting rates could be used with smaller time constants.
D etails of apparatus and results obtained
From the above considerations the conditions for obtaining a sharp peak are: short collecting time; an amplifier with coupling circuits of long time constant; and slow counting rate, with the edge effects subordinate to these.
If the gas pressure is p and the separation of the plates collecting time is proportional to pd2 for a given coll effect is inversely proportional to pd. If we are limited, as in this case, by the total available voltage, then the small chamber at high pressure has the advantage over a large one at low pressure. If we are limited by the electrical field th at can be applied, then the two chambers would have identical characteristics. The smaller chamber is more economical, and, moreover, experience with a chamber 30 cm. diameter and 30 cm. deep showed th a t it was difficult to screen such a chamber from electrical interference, as one point only would be effectively earthed. An external screen was necessary.
The chamber used had plates 8 cm. diameter separated by 9 mm., and was filled with boron trichloride to a pressure of 53 cm. at 20° C. A neutron source of polonium mixed with beryllium powder was separated from the chamber by 5 cm. of paraffin wax and the whole surrounded by a further 5 cm. of paraffin wax. The counting rate was 48 per min. The five-valve amplifier had four coupling circuits of time constant 1/20 sec. each and the final stage was transformer coupled to the oscillograph. The latter was almost critically damped and could respond to a pulse in 1/2000 sec., so that little distortion of the pulse would be introduced by the oscillograph. The impulses were recorded photographically in the usual manner.
The distribution in size of the oscillograph kicks is given in figure 3 , from which it will be seen th at in addition to the main peak of 18-2 mm. deflexion there is a smaller peak of about 21-1 mm. deflexion. The main peak must clearly correspond to the reaction commonly observed, in which the energy release has been estimated by several observers to be about 2-5 MeV. On this assumption the energy release in the reaction indicated by the smaller peak will be about 2-92 MeV, thus strongly suggesting th a t this peak corresponds to a reaction in which the Li7 nucleus is formed in the ground state, for which the calculated energy release is 2*99 MeV.* The * See th e n o te a t th e end of th is p a p e r, a n d especially th e referen ce to th e w ork o f E . R id d le G raves. magnitude of this peak shows th a t about 6-7 % of the disintegrations take place in this way.
I t should of course be possible to form directly, from the magnitude of the oscillograph deflexion, estimates of the energy release. The amplifier was calibrated by means of the a-particles from a source of thorium active deposit, when the ionization chamber was filled with air. I t was found in this way th a t 1 mm. deflexion corresponds to the release of 4800 ions. The main peak thus corresponds to the release of about 87,000 ions and the
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smaller peak to about 102,000 ions. The ionization energy for boron tri chloride is, however, not known, so th at these values cannot be translated accurately; it is only possible from the existing data to state th at the energy releases are approximately 2-4 MeV and 2-8 MeV respectively.
The collecting voltage used in these experiments was 1300 V. When this was reduced to half value the size of the impulses in the main peak was reduced by 8 %. The spread of the peak due to variations of collecting time must therefore have been less than 8 %. The number of particles in the background and the spread of the peak were greater than anticipated. These effects increased with time and were attributed to the deposition of boron or boric acid on the electrodes.
We are now in a position to put an alternative interpretation on the results of Maurer and Fisk. At one point in their amplifier they used a coupling circuit with a time constant of 1/200 sec. and as the collecting time at higher pressures cannot have been less than 1/100 sec. we expect th at variations of collecting time will be important in their experiments.
Maurer and Fisk's interpretation of their curves suggests th at peaks due to groups of particles differing in energy by a factor of 10 % would disappear in turn as the pressure of gas in the chamber is reduced. The analysis given above does not confirm this idea. The observations are consistent with the idea that the peak is broadened at higher pressures due to increased collecting time; the curves of figure 1 b can be nicely fitted to their experimental points. As the calibrating source was so situated th at ions produced by it had the largest collecting time, the peak referred to tiiis standard appears to move towards the high energy side at increased pressures.
As has been stated, the results obtained here suggest th at in the greater number of boron disintegrations, 93-94 %, the Li7 nucleus is formed in an excited state of energy about [0] [1] [2] [3] [4] MeV. This value is in good agreement with values obtained from the proton groups in the Lti6-d-p reaction, which indicate a level at 0*45 MeV, and from the radioactivity of Be7 which is accompanied by y-radiation of energy 0*425 ± 0*025 MeV arising from a transition between the two levels in the resultant Li7 (cf. Livingston and Bethe 1937; Rumbaugh, Roberts and Hafstad 1938) .
The ratio of the two groups is in good agreement with the experimental findings of Livingston and Hoffmann (1938) , although not with their published values, which are in error owing to an oversight in their analysis. They have in fact quoted the square root of the ratio, and an inspection of their curves indicates th at 92-93 % of the disintegrations lead to the excited state.
D etection of the 7-radiation
The Li7 nuclei formed in the excited state will go to the ground state by the emission of a y-ray. The detection of this y-radiation would confirm the proposed disintegration scheme, but it is rendered difficult by the fact th a t the polonium-beryllium source emits a y-radiation of much greater in tensity. This difficulty was overcome in the following way. A boron-lined counter was operated in the proportional region so th a t it responded only to heavily ionizing particles such as are emitted in the B10(w, a) Li7 reaction. This counter was connected to one line of a coincidence amplifier and an adjacent y-ray counter was connected to the other line. The neutron source and both counters were embedded in blocks of paraffin wax. The resolving time of the coincidence circuit was rather less than 2 x 10-6 sec. so th at no coincidences between the y-rays and neutrons em itted by the source could be recorded owing to the fact th a t the neutrons take a time of about 10~5 sec. to slow down to thermal velocities. The coincidences observed were there fore due to y-rays associated in time with the a-particles from the boron disintegration, together with a small number of chance coincidences. The absorption coefficient of the radiation was measured by measuring the coincidence rates when different thicknesses of lead were placed between the two counters.
The number of coincidences obtained, after deduction of the chance coincidence rate of about 1 per hour, was 3-6 ± 0-55 per hour with no absorber, 3-27 + 0-33 per hour with a lead absorber of 2-56 g./cm.2, and 1-08 ± 0-37 with 6-13 g./cm.2.
These results are not sufficiently accurate to give more than an indication th a t the energy of the radiation is about 0*5 MeV, but they offer some con firmation of the simple level scheme suggested by the ionization measure ments.
Note added by J. Chadwick. In a private letter, Dr C. W. Gilbert info me th a t he has extended the observations of Bower, Bretscher and Gilbert (1938) (measurements of track lengths in an expansion chamber containing a boron ester) and has obtained clear evidence of a group of tracks corre sponding to an energy release about 0-5 MeV greater than th at of the main group. The intensity of this group is about 9 % of the main group. His results thus agree well with those of Mr Wilson.
Mr Gilbert's measurements, combined with those of Bower, Bretscher and Gilbert, give values for the energy releases of 2.20 MeV and 2-72 MeV, if the energy-range relation for a-particles given by Livingston and Bethe (1937, p. 245) is adopted.
In a recent paper (1940, Phys. Rev., 57, 855) Miss E. Riddle Graves has discussed the energy release in the (B10, n) reaction. On the basis of a chain of reactions she deduces, a value for the maximum energy release which does not involve those nuclear masses which are in doubt. She obtains a value of 2*68 or 2-78 MeV, according as to whether Bainbridge's or Aston's result for the (2H2-H e 4) doublet is taken.
The accord between this value for the maximum energy release and the energy release deduced from the higher of the two groups suggests th at the higher group does in fact correspond to a process leading to the ground state of Li7 and that the energy-range relation for a-particles is reliable. 
Edge effects
Consider an element of volume dxdydz a t a distance x from an infinite plane electrode. If particles are emitted from this volume with path lengths, limited by impact with the electrode, lying between l and l + dl, they will be emitted within a solid angle 2 w d l/l*.If there are n s per unit volume and they are isotropically distributed, then the number of particles lying within the given range is 2. If we have two electrodes separated by a distance d, and consider particles emitted from a cylinder of unit cross-section limited by the electrodes, then the number of particles in the given range emitted from the cylinder is
which is a uniform distribution. The total number of particles emitted from this cylinder is N = nd, whereas the number of particles in the background is The intervalve coupling circuit consists of a grid resistance R in series with a grid condenser G. The voltage across them is V and the voltage Vg across the resistance is applied to the grid of the succeeding valve. We have Vg = e-V'e el,Te dt + constant where re = RC, the constant being fixed by the initial conditions.
The form of pulse applied to the coupling is
where tc is the collecting time of the ions and k, which is the time constant of the input circuit of the first valve, is less than 1 sec.-1.
During the initial rise of the grid potential rises according to the law
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Vg = V^( \ -e -« u ) .
When V reaches its maximum value V0 and starts to decrease exponentially Vg also starts to decrease; its maximum (at t = r c) is
In the arrangement used re was chosen to be large compared with r c; the peak value of Vg is thus effectively V0. In considering the subsequent behaviour of Vg it is sufficient to consider as a constant, for k is very much smaller than 1 /re. Thus Vg falls off exponentially according to the law
In considering the form of the impulse at later stages of amplification it will be sufficient to treat it as rising instantaneously to a certain value and then decaying according to the law which is derived below. After passing through the second coupling circuit FJ = F0(1 -</Te)e-"'«.
After passing through the third coupling circuit F ; = F0( l -2(/r6 + l and after passing through the fourth coupling circuit F ; = F0( 1 -3(/re + f fill* -e-*.
which is depicted in figure 2 . A second impulse will have an apparent amplitude differing from th at of the main group by more than 10 % if it arrives while the original impulse differs from zero by more than 1/101^. The length of time during which this is so is l-6re, so that for a counting rate N , a fraction l*02We of the particles will have amplitudes differing from the ideal value by more than 10 %.
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